In order to investigate the relationships between the three-dimensional structure and the enzymic activity of E. coli RNase HI, three mutant proteins, which were completely inactivated by the replacements of three functional residues, Asp" by Asn (DlON), Glu48 by Gln (E48Q), and Asp" by Asn (D70N), were crystallized.
n To whom correspondence should be addressed Protein Engineering Research Institute, 6-2-3, Furuedai, Suita, Osaka 565, Japan. Tel.: . ' The abbreviations used are: RNase H, ribonuclease H; HIV, human immunodeficiency virus. for retroviral replication (Varmus, 1988) . Experimental observations (Tanase and Goff, 1988; Hansen et al., 1988) and sequence analysis (Doolittle et al., 1989) led to the conclusion that the retroviral RNase H activity resides in a domain of reverse transcriptases with a sequence similar to that of E. coli RNase HI.
The crystal structure of E. coli RNase HI was determined by two independent groups (Katayanagi et al., , 1992 Yang et al., 1990b) , using two distinct crystal forms. The Me-binding site essential for the catalytic activity was identified by a soaking method (Katayanagi et at., , 1992 Morikawa and Katayanagi, 1992) , and was subsequently reconfirmed by the structural determination of the RNase HI-M$+ co-crystal (Katayanagi et al., 1993) . Together with the results of a solution NMR study , these xray structural studies strongly exclude the possibility that E. coli RNase HI requires two divalent metal ions for activity, although a crystallographic study of the RNase H domain of the human immunodeficiency virus (HIV-1) reverse transcriptase showed that this inactive domain contains two Mn2+-binding sites (Davies et al., 1991) .
In E. coli RNase HI, the bound M e cation is surrounded by 4 acidic residues, Asp", Glu4', Asp7', and Asp134, which are completely conserved in various RNase H-like sequences, including retroviral reverse transcriptases and reverse transcriptase-like entities in eukaryotes (Doolittle et al., 1989) . The results of the site-directed mutagenesis revealed that, among the 4 invariant residues, only Asp", G~U~~, and Asp7' play important roles in the enzymic activity.
To obtain more insight into the catalytic mechanism of RNase HI, we attempted to elucidate, in terms of threedimensional structure, how the mutations introduced into the active site abolish the activity. Knowledge of these mutant structures at atomic resolution would be helpful to understand the pathway of the hydrolytic reaction. In this report, we describe the refined crystal structures of the three active site mutants, in which Asp", Glu4', and Asp7' were replaced by Asn (DlON), Gln (E48Q), and Asn (D70N), respectively, and also discuss the relationships between the induced conformational changes and the loss of activity.
EXPERIMENTAL PROCEDURES
Crystallization-Crystals of RNase HI mutants were produced under almost the same crystallization conditions as that for the wildtype (Kanaya et al., 1989) . All three mutant crystals belong to the space group P212121. Their unit cell parameters are summarized in Table I . According to the classification of Yang et al. (1990a) , only the D70N mutant forms a Type I crystal, the structure of which was determined by Yang et al. (1990b) , while the DlON and E486 mutants produce Type I1 crystals, as analyzed by Katayanagi et al. (1990 Katayanagi et al. ( , 1992 . The major difference between these two crystal types is that 22092 Active site mutant Selenomethionyl recombinant (Yang et al., 1990a (Yang et al., , 1990b . 
11.
Data Collection-Diffraction data for the DlON and D70N crystals were collected at 15 'C using a four-circle diffractometer CAD4 (Enraf-Nonius). The x-ray source is a fine focus sealed Cu-tube operated at 50 kV, 40 mA. Reflection intensities were measured with w-scans, and the scan speed was varied within a range of 0.8-4"/min. Absorption correction was carried out according to the method of North et al. (1968) . One crystal was used for a complete data set of the DlON mutant and two crystals for D70N. Intensity data were merged using the PROTEIN program system (Steigemann, 1974) . The maximum resolution of the reflection data is 2.15 A for DlON and 2.3 A for D70N.
Diffraction data for E48Q were collected at 20 'C using an automated oscillation-type imaging plate diffractometer DIP-100 (MACScience), on a rotating anode x-ray generator (Ml8X) operated at 50 kV, 90 mA, with Cu-Ka radiation. The camera distance was fixed at 85 mm, and the oscillation angle per film was 1.0'. Data collected from three crystals gave an Rmerge value of 8.9%. The diffraction patterns recorded on the imaging plate were processed using the program ELMS (Tanaka et al., 1990) , to yie,ld a final intensity data set of 10,851 independent reflections at 1.9-A resolution.
Structural Analysis-All three *mutant structures were analyzed using the accurately refined 1.48-A resolution structure of the Type I1 wild-type crystal (Katayanagi et al., 1992 ) as a search model. This structure is deposited to the Brookhaven Protein Data Bank (Bernstein et al., 1977) and has the access code 2RN2.
As summarized in Table I , the unit cell parameters of the two mutant crystals, DlON and E48Q, are slightly but significantly different from those of the wild-type, although both crystals still can be classified into the Type 11. Only the D70N mutant crystal belongs to the Type I class. For all three mutants, the rigid body refinement program TRAREF (Huber and Schneider, 1985) was applied to determine the correct orientation and position of the molecules at 2.5-A resolution. The overall B-factors were fixed at 15 A' and water molecules were excluded from the calculation. The results of the TRAREF rigid body refinement for the mutants are summarized in Table 11 .
For the D70N mutant crystal, the R-factor after application of TRAREF is still worse than those of the other mutants (Table 11) . Therefore, we surmized that TRAREF may be unable to yield a correct solution, because this crystal belongs to the Type I, which has an a axis that is about 2 A shorter than that of the Type I1 crystals of the other mutants. Therefore, in addition to the TRAREF analysis, the molecular replacement method was applied to this mutant. The rotation function was calculated using the PROTEIN program system (Steigemann, 1974) . First, the wild-type model was placed into a hypothetical triclinic lattice with unit cell parameters of a = b = c = 80 A. A Patterson search, where two Patterson functions were calculated from Fob* and Fmodelr was carried out for the whole independent angle region (0" < $ < 180", 0" < 6 < 180", 0" < 6 < 180"), using the angle definition by R. Huber. Patterson vectors with lengths between 8 and 15 A were used for the calculation. The first search was carried out with increments of 5", and for the highest peak, finer increments of 1" and 0.2" were applied. Finally, the rotation angle was determined as $ = 2.0", 6 = 5.4", 6 = -4.0", which is in good agreement with the results from the TRAREF analysis (in Table 11 ). Next, based on the orientation matrix deduced from the rotation function, a translation search was carried out according to the method of Crowther and Blow (1967) , which uses the program originally written by E. Lattman and later modified by J. Deisenhofer and R. Huber. Each translation vector, which was calculated based on the center of gravity, was readily found in the three Harker sections, as summarized in Tabie 111. The translation shift was found to be x = -0.30 A, y = 0.35 A, and z = -0.20 A which is almost consistent with the result of the TRAREF analysis (in Table 11 ).
The electron density maps of the three mutant crystals were continuous and easily interpretable. Furthermore, they were greatly improved, particularly in the D70N mutant, after the rigid body refinement. The structures of three mutant proteins fitted to these maps showed no atomic collisions. Each replaced residue in the mutants could be easily recognized by superimposing the model on the calculated electron density after the TRAREF analysis. The side chain replacement and assignment to the electron densities were carried out on the interactive graphics display PS300 (Evans & Sutherland), using the program FRODO (Jones, 1978) .
The restrained least square refinement was applied for each mutant using the program PROLSQ (Hendrickson and Konnert, 1980) . At first, water molecules were excluded from the refinement. After the R-factor converged to about 27%, water molecules were identified using the (lFo,l -IFc\) and (21FJ-IFc!) difference Fourier maps, and were included in the refinement calculation. Finally, individual temperature factors were included as refinement parameters. The final R-factors for the DlON, E48Q, and D70N mutants are 18.9,19.1, and 18.6%, respectively (Table I ). An (IFoI -IFcI) difference Fourier map (Omit map), which was calculated excluding the atoms of the replaced residue from the phase calculation, showed clear electron densities for the replaced residue. The final refinement statistics for the mutants are summarized in Table IV . According to the statistics of Luzzati (1952) , the coordinate errors are estimated to be about 0.18, 0.17, and 0.20 A for the DlON, E48Q, and D70N mutants, respectively.
The refined coordinates of the three mutants have been deposited to the Brookhaven Protein Data Bank (Bernstein et al., 1977) .
RESULTS AND DISCUSSION

Overall Structures of the Three Mutants
The backbone structures of all three mutants are very similar to that of the wild-type enzyme. The ribbon diagram of the E. coli RNase HI wild-type enzyme, which indicates the active center, is shown in Fig. 1 (Kraulis, 1991) , is based on the refined structure determined by Katayanagi et al. (1992) . The 4 invariant acidic residues in the active center are indicated by ball-and-stick models, and the Mg2f position identified by the soaking method is superimposed by a ball model. Asp''-062 and G1y''-0 are coordinated with the Mg2f cation. Secondary structure elements are defined as a11 (71-79), a111 (81-89), aIV (100-112), PE (115-1211, and aV (127-141 ).
follow^; PA (5-14), PB (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) , PC (31-39), a1 (43-58), OD (63-69), against the residue numbers in Fig. 2 . The D70N mutant displays strikingly larger displacements than the E48Q and DlON mutants. Within the enzyme itself, relatively large displacements are concentrated in several regions, such as the glycine-rich loop (G1y"-Gly") between PA and PB, the basic protrusion (Glyso-Asn"'), the turn (TyrZ8-Arg3') between PB and PC, and the loop (Lys'22-Pro'28) connecting PE and aV. As described in a later section, the backbone structure of the loop containing His'24 shows a remarkably large difference between the D70N and the wild-type enzyme, and this structural difference accounts for most of the relatively large root mean square displacement value for the mutant. All the molecular portions with larger displacements, except for the turn between PB and PC, lie in the enzyme interface with the DNA/RNA hybrid. As mentioned in the previous report (Katayanagi$t al., 1992) , in the wild-type crystal structure refined at 1.48-A resolution, the regions with large displacements have greater individual temperature factors than the other regions.
Other notable structural differences can be observed in the small regions around the essential M$+-binding site. In the following section, these differences in the three mutants will be separately discussed, in connection with their inactivation by the amino acid substitutions.
Structural Differences Around the Active Site
DlON Mutant-Structures around the active site of the DlON mutant and the wild-type enzyme are superimposed in Fig. 3a . The structural differences between the two enzymes are confined to a small region around the introduced Am'' residue. The largEst coordinate discrepancy between the two enzymes was 1.5 A at 0 6 1 of Asn". The amide nitrogen atom N62 of Asn" forms a new hydrogen bond with the carboxyl group of Asp7'. Structural analysis of the RNase HI-Mg+ cocrystal (Katayanagi et al., 1993) revealed that both carboxyl groups of Asp" and Glu48 and the main chain carbonyl of G1y1' directly coordinate with the M$+ cation. Thus, in the wild-type enzyme, only the carboxyl group of Asp7' is free to directly participate in the catalytic reaction. Therefore, it is reasonable that the replacement of Asp" by Asn abolishes the enzymic activity, because the loss of the negative charge BA f3B f3C a1 f3D aLI aU1 aIV $E a V -" -"---- lowers the affinity of the enzyme for the Mg2' cation, and also because the new hydrogen bond formed with the carboxyl group of Asp7' reduces the efficiency of the catalytic reaction.
In the crystal structure of the Mg2+-free wild-type enzyme (Katayanagi et al., 1992) , both carboxyl side chains of Asp" and Asp7' electrostatically interact with the basic side chain of Lys"' which resides within the basic protrusion of the neighboring molecule (Fig. 4a) (# mark indicates the residue of neighboring molecule). In the DlON mutant, only a single electrostatic interaction, between Asp7' and the Lys"' of the adjacent molecule, remains as shown in Fig. 3a . Thus, the intermolecular interaction seems to be weakened in the crystal of this mutant. In fact, the resolution limit of this crystal was obviously lower than that of the wild-type crystal (Table I) . However, it is very unlikely that the side chain of Lysxs7 significantly affects the conformation of the 3 acidic residues in the active site, since these acidic residues take the same conformation in the crystals with different packings, such as the two distinct E. coli RNase HI crystals, Type I (Yang et al., 1990) and Type I1 (Katayanagi et al., , 1992 , and the Thermus thermophilus HB8 RNase H (Ishikawa et al., 1993) crystals.
Another notable alteration in the active site of the DlON !Nase HI Active Site Mutants 22095 mutant is the disappearance of the water molecule, WAT255 (Fig. 3a) , which bridges and Serl' in the wild-type crystal (Fig. 4a) . Presumably, the alteration of the charge distribution would result in the loss of the water molecule, WAT255. This alteration may be related to the disruption of the catalytic activity as well.
E48Q Mutant-The crystal of the E48Q mutant diffracts x-rays better than the other two mutant crystals, as shown in Table I . The enhanced regularity of the crystal could be attributable to the conservation of the electrostatic intermolecular interactions between the Mg2'-binding site and the basic protrusion in the neighboring molecule (Fig. 36) . In this connection, the side chain of Glu4' is located more internally relative to those of Asp'' and Asp7' (Fig. 4b) , and hence the substitution of the amide group for the carboxyl group produces no serious disturbance of the electrostatic intermolecular interactions.
A structural comparison of the active sites of the E48Q mutant and the wild-type protein is shown in Fig. 3b . Compared to the other two mutants, this mutant exhibits more substantial displacements of protein atoms within the active site cavity. Although the Gln4' side chain forms hydrogen bonds with the carboxyl group of Asp" and the main chain carbonyl of Gly", the conformations of these latter 2 residues remain almost the same as that in the wild-type (Fig. 3b) . In the wild-type, these two functional groups form coordinate bonds with the Mg2f cation. Consequently, in the E48Q mutant, the positively polarized Ne2 atom of the substituted Gln4' is located near the empty Mg2+-binding site, thereby preventing Mg2+ binding. In fact, a water molecule WAT250, which is located near the empty Mg2f position in the wildtype structure, was not observed in the E48Q mutant structure (Fig. 3b) . As found in the case of DlON mutant, WAT255 in the wild-type is also disappeared in the E48Q mutant.
Weak electron densities corresponding to the Gln4' side chain suggest the structural disorder. In-fact, the temptrature factors of this side chain (Otl; 29.1 A', Nt2; 26.0 A*) are remarkably large in comparison to that of-the main chain (mean value of the main chain atoms is 9.7 A'), although this residue is located within the long a-helix. Presumably, this disorder would be associated with very weak hydrogen bonds between the amide group of Gln4' and the two functional groups coordinated with M P in the wild-type enzyme.
It should be also noted that several hydrogen bonds in the wild-type between Ser71-Oy and Glu4'-Otl, Glu4'-Oe2 and A~n~~-N 6 2 , A~n~~-0 6 1 and CysI3-N, which form a ladder-like hydrogen bond network (Fig. 4a) , are partly disrupted by the introduction of Gln4'. This environmental alteration in the active site could be another factor in the loss of activity.
D70N
Mutant-The active site structure of the D70N mutant, superimposed on the wild-type structure, is shown in Fig. 3c . The amide nitrogen atom N62 of Am7' forms a new hydrogen bond with the carboxyl group of Asp". As seen in the DlON mutant, this newly formed hydrogen bond freezes the mobility of Asp" which participates in the coordination with M$+ (Fig. l) , and consequently prevents the carboxyl group from fitting into the coordination. These environmental variations in the active site are believed to prevent Mg2+2 binding. In fact, NMR measurements in solution revealed that the D70N mutant has no affinity for M$+. ' The D70N mutant crystal is significantly different from the wild-type Type I1 crystal, whereas the previous two mutants, DlON and E48Q, produce the same crystal as Type I1 (Table  11 ). This different crystal packing additionally may cause a slight but significant structural change around the active site.
Y. Oda, personal communication. Fig. 4a ) is not observed in the DlON mutant. The M P cation occupies a location near WAT250 (see Fig. 4a ) which is observed in both of the wild-type and the DlON mutant. The Asn'O-Nb2 atom forms a new hydrogen bond with Asp", which is repulsive to the other acidic residues in the wild-type. The LysY8' of an adjacent molecule-interacts only with Asp7'. The distances of the hydrogen bonds of Asn'o(Nb2)-Asp70(Obl) and Asp7'(082)-Lys"'(N~) are 2.97 A and 2.73 A, respectively. b, E48Q mutant structure. The introduced amide group of G l r~'~ interacts with both Asp"-062 and Gly"-0, which form coordinate bonds with Mg2+ in the wild-type. The WAT250 and WAT255 molecules in the wild-type (Fig. 4a) are not observed in the electron density map of this mutant. The mutant retains the same interaction with Lys"' of the neighboring molecule as in the wild-type. The distances of the hydrogen bonds of Gln48(Nt2)-Asp10(062), Gln"(Ne2)-Gly"(O), Gln"(Od)-Ser7'(O~), and Gln"(O~l)-Asn"(N82) are 3.41, 3.30, 3.01, and 2.83 A, respectively. c, D70N mutant structure. Note the striking structural change in the loop (Va1121-Gly'26) between BE and aV. The side chain amide group of Am7' forms a hydrogen bond with Asp". The Lys"' of the neighboring molecule does not interact with either Asp" or Am7'. The hydrogen bond distances of Asn7'(N62)-Asp"(Ob1) and Asn7'(081)-His'*'(Nt2) are 3.02 and 2.76 A, respectively. In this figure, only water molecules belonging to the D70N mutant are shown.
Fig. 3.-continued
In fact, the water molecule WAT250, which occupies the empty M e site in the wild-type and DlON mutant, was not found in the D70N structure, presumably because of the crystal packing effect involving Lysns7 from the neighboring molecule.
The substitution of Asn for Asp7' gives rise to a local but striking conformational change in the loop containing (Figs. 2 and 3c ). In the crystal structure of the wild-type (Katayanagi et al., , 1992 , is located in the Type I &turn (Crawford et al., 1973) and its side chain points toward the solvent. This imidazole side chain forms an intermolecular hydrogen bond with the main chain carbonyl of of an adjacent molecule. These environmental features around Hidz4 and the intermolecular interactions within the crystal are well conserved in both the DlON and E48Q mutants.
In the D70N mutant, however, the imidazole ring of is oppositely oriented relative to its position in the wild-type (Type 11) and the other two mutant enzymes (Figs. 3c and 5) . Furthermore, the refined structure of the D70N mutant reveals that the side chain of the introduced Am7' forms hydrogen bonds with the imidazole group of Hidz4 and the carboxyl group of Asp". This newly formed hydrogen bond network will naturally block the correct location of Mg2+ in the catalytic cavity.
The orientation of the imidazole group in the D70N mutant coincides with that in the Type I crystal, which was grown in the presence of ammonium sulfate (Yang et al., 1990a) and was independently analyzed by Yang et al. (1990b) . In contrast to the structure of the Type I1 crystal determined by Katayanagi et al. (1990 Katayanagi et al. ( , 1992 , the imidazole ring of approaches both Asp" and Asp7' in the Type I crystal. Thus, the polymorphism of the E. coli RNase HI crystals appears to be strongly associated with intermolecular interactions around the active site. More recently, the crystal structure of RNcse H from T. thermophilus HB8 has been determined at 2.8-A resolution (Ishikawa et al., 1993) . In this crystal, the side chain of also points toward the solvent, although its orientation is slightly different from that in the Type I1 crystal. Comparisons of the loop structures around Hidz4 within various crystal forms are shown in Fig. 5 . The various conformations of the loop demonstrate its flexibility. Moreover, in the crystal $ructure of the HIV-1 RNase H fragment determined at 2.4-A resolution (Davies et al., 1991) , no welldefined electron density corresponding to His'24 (numbered as His539 in the HIV-1 reverse transcriptase RNase H domain) could be detected because of the structural disorder of this loop. This finding also supports the flexibility of the loop between BE and aV.
Notably, in some cases, Hidz4 can be located near the invariant acidic residues Asp" and Asp7', and the results of the site-directed mutagenesis also suggest that His124 may be involved in the catalytic reaction. Based on an NMR study of RNase HI, Oda et al. (1993) proposed an indirect role for the H i P 4 side chain in which it enhances the catalytic efficiency by accepting a proton from a catalytically essential carboxylate.
The crystal structure of the intact HIV-1 reverse transcriptase has been reported recently by Kohlstaedt et al. (1992) . The corresponding flexible loop has been found to have a defined structure, presumably because of an interaction with the p51 polymerase domain. It is likely that this loop also assumes a certain defined structure in the intact HIV-1 reverse transcriptase molecule complex with the DNA/RNA hybrid. Therefore, it would be interesting to know the exact position of Hidz4 relative to the 3 invariant acidic residues in the intact HIV-1 reverse transcriptase domain. The M e site is located near W250 (WAT250). The side chain of Lys"", which belongs to the adjacent moIecule, makes polar interactions with the carboxyl groups of both Asp" and Asp7'. Gh4' forms hydrogen bonds with the surrounding side chains of Ser" and b, distances among invariant residues. The numbers indicate atomic distances (A). Note that the side chain of Glu4' is buried within the protein molecule.
Hydrolytic Mechanism Nakamura et al. (1991) proposed a hydrolytic reaction scheme of RNase HI that accounts for the various results from protein crystallography, NMR measurements, and sitedirected mutagenesis. This scheme relies on the identification of the single M$+-binding site (Katayanagi et al., ,1992 , instead of the two divalent metal ion mechanism (Yang et al., 1990b; Davies et al., 1991) proposed from the environmental similarities in the active sites between RNase H-like proteins and the 3'4' exonuclease domain in DNA polymerase I (Freemont et al., 1988; Beese and Steitz, 1991) . More recently, Katayanagi et al. (1993) . have provided more definite crystallographic proof that RNase HI contains a single M$+-binding site, and have slightly revised the reaction scheme (Fig. €4 , based on the new coordination between the Mg2' cation and the protein atoms.
In contrast, Jou and Cowan (1991) have suggested that M$+ should coordinate as the Mg(H,0)G2+ form during the catalytic reaction. However, the structure of RNase HI"$+ co-crystal (Katayanagi et al., 1993) reveaded that the Mg2' cation is located at a position 2.1-and 2.4-A away from Asp''-0 6 2 and G l~~~-O t 2 , respectively. Thus, we conclude that the Mg2+ cation can be directly bound to the protein atoms without mediation by water molecules. The scheme of the hydrogen bond network around the active site in the Mg2"free wild-type enzyme, and the distances between the atoms of the four carboxyl groups, Asp", Glu4', Asp7', and Asp'34, respectively, are shown in Fig. 4, a  and b . The carboxyl groups of Asp7' and Asp'34 are located 3.90 and 3.70 A away from that ofeAspl0, respectively. The carboxyl group of G1ua lies 5.23 A away from Asp", and farther from the other three carboxyl groups. These distances obviously exceed conventional hydrogen bond distances, suggesting that these negatively charged carboxyl groups are repulsing each other. The common feature of the three mutants is that each replaced amide group approaches the other single carboxyl side chain of the catalytic triad. This structural feature implies that the Mg2+ binding to the enzyme would induce a rearrangement of the carboxyl side chains in the active site.
In conclusion, these structural variations of the active site mutants are consistent with the previously proposed reaction scheme Katayanagi et al., 1993) in which M f ' plays a major role in fixing the cleaved phosphodiester bond at the correct position in the catalytic cavity. The three carboxyl side chains, Asp", Glu4*, and Asp7' are repulsive in the wild-type enzyme because of their negative charges. Their replacement by amide groups induces rearrangement of the atoms in the active site by abolishing the repulsive state. This interpretation implies that the M e + cation may have the additional role of shifting the catalytic carboxyl groups from unfavorable to favorable positions for the catalytic activity.
